Investigations were performed to better understand the carbon economy in the elongation zone of tall fescue leaf blades. Plants were grown at constant 21°C and continuous 300 micromoles per square meter per second photosynthetic photon flux density where leaf elongation was steady for several days. Elongation occurred in the basal 20 mm of the blade (0-20 millimeters above the ligule) and was maximum at 9 to 12 millimeters. Eight 3-millimeter long segments were sampled along the length of the elongation zone and analyzed for water-soluble carbohydrates. Sucrose concentration was high in the zone of cell division (0-6 millimeters) whereas monosaccharide concentration was high at and distal to the location where cell elongation terminated (20 millimeters). Fructan concentration increased in the basal part, then remained constant at about 85% of the total mass of water-soluble carbohydrates through the remainder of the elongation zone. Data on spatial distribution of growth velocities and substance contents ( eg. microgram fructan per millimeter leaf length) were used to calculate local net rates of substance deposition ( i.e. excess rates of substance synthesis and/or import over substance degradation and/or export) and local rates of sucrose import. Rates of sucrose import and net deposition of fructan were positively associated with local elongation rate, whereas net rates of sucrose deposition were high in the zone of cell division and those of monosaccharide were high near the termination of elongation. At the location of most active elongation imported sucrose (29.5 milligrams per square decimeter per hour) was used largely for synthesis of structural components (52%) and fructan (41%).
Elongation of the leaf blade in grasses is confined to the basal region ofthe blade which is enclosed within a whorl of encirchng leaf sheaths (2, 14, 20) . With elongating leaf blades of tall fescue (Festuca arundinacea Schreb.) the zone of cell division is located at the base of the elongation zone, just above the ligule, which is about 1 to 2 mm above the point of attachment of the leaf to the tiller base (7) . Like leafgrowth, cell division is predominately unidirectional, the meristematic tissue producing parallel files of cells. A cell within a file is displaced away from the site of division as a result of production and longitudinal growth of younger cells. Simultaneous to being displaced from the base, each cell also grows and differentiates. Thus, the distance between a cell and its ontogenetic origin is a function of both its age and developmental stage. ' Typically, a tall fescue leaf elongates at 15 to 30 mm *d-' and has a 15-to 30-mm-long elongation zone (14, 20, 22) . Thus, an elongation zone essentially reproduces its own length approximately once a day suggesting that the elongation zone is an active sink for carbohydrates. Carbohydrates can be used for (a) carbon skeletons and respiration used in biosynthetic processes; (b) maintaining carbohydrate concentrations which are being diluted when water is deposited into expanding cells; and (c) respiration associated with protein turnover and maintenance of cellular structures, ion gradients, and metabolite gradients (i.e. maintenance respiration; 12) .
In spite of seemingly high rates of carbohydrate use, however, carbohydrate concentrations are often high in the growth zones of grass leaf blades (4, 5, 9, 10, 23, 24) . Few (18) .
Sugars on TLC plates were made visible by spraying with ureaphosphoric acid which stains mainly ketoses (27). The silica gel bands containing individual sugar fractions were scraped from the plate, eluted with water, and centrifuged. Carbohydrates in the supernatant were measured using the anthrone procedure (1) . Carbohydrates separated by TLC were also determined after acid hydrolysis using the copper reduction-iodate titration technique (17) with no difference found between methods. Data reported are from the anthrone procedure.
A preliminary investigation was conducted to determine if drying at 70°C for 40 h caused alteration in carbohydrate content or composition of samples. Elongation zones of leaf blades were boiled in 80% ethanol immediately after removal from the tiller. Carbohydrates were extracted in 80% ethanol and subsequently with water. Combined extracts from this procedure were compared with water extracts obtained from tissue previously dried at 70°C for 40 h. Reducing power of extracts before and after acid hydrolysis was measured (17) . Carbohydrate contents of 97.5 and 98.3 mg-g-' fresh weight were obtained from fresh and dried tissue, respectively. Reducing sugars accounted for 29. 5 and 28.5% ofthe WSC, respectively. Separation of carbohydrates by TLC also indicated no difference between fresh and dried tissue.
Growth Analysis. Local net rates of substance deposition (D, gmm-' leaf length * h-') were calculated from data on the spatial distributions of growth velocities and tissue substance content (P, e.g.,g fructan mm-1 leaf length) using the onedimensional version of the continuity equation as discussed by Silk (15, 16) :
where t is time (h) and xis distance (mm) from the origin (ligule) of the leaf blade. In Silk's terms SER corresponds to the strain rate or relative elemental growth rate and VD to displacement or growth velocity (15, 16) .
The Short-term displacement of holes pierced through bases of leaves (n = 12) and LER during undisturbed growth (n = 28) were used to calculate (Fig. 1) . VD was near zero at the origin and equal to LER at the distal end of the growth zone. Thus, the time required for a cell to be displaced by 1 (Fig. 1) . The large increase in monosaccharide concentration above the zone of most active elongation (Fig. 2) was also observed in barley leaves grown in a natural environment (9) . Volenec and Nelson (23) found that fructose (57-67%) and glucose (16-27%) comprised most of the mass of monosaccharides in the elongation zone oftall fescue leafblades, although myoinositol and small amounts of arabinose, mannose, and galactose were also present.
Tissue sucrose content decreased by 35% between the ligule and the region of highest SER (Fig. 2) . Distal to this location tissue sucrose content was maintained nearly constant. In an earlier investigation (23) sucrose was the only disaccharide found in elongation zones of tall fescue leaf blades.
Throughout the elongation zone the fructan fraction comprised most of the WSC (Fig. 2) . There is much evidence that fructan metabolism is confined to the vacuoles of cells (25, 26) which occupy more than 50% of the cell volume in the zone of cell division of tall fescue leaf blades (19) . The fructan content of tissue increased strongly in the basal part of the elongation zone, (0-6 mm from the ligule) and was maintained distal to this location (Fig. 2) In contrast with the mature leaf blade where fructans are mainly high mol wt (17) , the majority of fructans in the elongation zone were low mol wt, i.e. 70 to 85% ofthe mass of fructans had a DP ofless than 10 hexose units (Fig. 2) . Significant changes in the molecular size distribution of fructans occurred between the zone of cell division and the zone of most active elongation (Fig. 3) . The trisaccharide was the most abundant fructan species in the cell division zone, whereas DPs 4 and 5 were most abundant in more distal parts of the elongation zone.
The findings that sucrose concentrations were highest in the zone of cell division, and then decreased, and fructan concentrations were lowest in the zone of cell division, and then increased, may be explained by induction of fructan-synthesizing enzymes in this zone. Induction may be causally related to the high sucrose concentration in this tissue (26).
Osmotic Potential of WSC. Molar concentrations oftotal WSC (excluding polyfructans) decreased from 164 mm near the ligule to 126 mm at the site of highest SER, and increased to 155 mM at 18 to 21 mm from the ligule (Fig. 4) . Thus, local WSC concentrations were inversely related to SER. Nevertheless, concentration of total WSC was high throughout the elongation zone, and was calculated to contribute 0.32 to 0.41 MPa to the osmotic potential. King and Bush (6) Rates of monosaccharide deposition were not in phase with rates of growth-related water deposition (Fig. 5) . The net rate of monosaccharide deposition increased exponentially from the base through the region of most active elongation to a maximum at 15 to 18 mm from the ligule. At this location, elongation rates ( Fig. 1 ) and associated net rates of water deposition (Fig. 5) were rapidly decreasing. This caused the increase in tissue monosaccharide content shown in Figure 4 .
Maximum monosaccharide deposition rate at 15 to 18 mm may have resulted from a real increase in rate of monosaccharide production at this location. Alternatively, since the net rate of deposition describes the excess rate of import and synthesis over utilization, an increase in net rate of monosaccharide deposition could also have resulted from a decrease in monosaccharide utilization. Actually, the net rate of WSC-free DM deposition (which reflects biosynthetic activity) decreased strongly distal to 12 mm from the ligule (data not shown). A decrease in monosaccharide consumption in biosynthetic processes may result in an increased net rate of monosaccharide deposition. The net rate of sucrose deposition was relatively high at the leafbase, whereas little growth-related water deposition occurred at this location (Fig. 5) . As a consequence the sucrose concentration of tissue was high in this region (Fig. 4) . The net rate of water deposition increased 5-fold between the base and the region of most active elongation (9-12 mm from the ligule), whereas the net rate of sucrose deposition increased only 2-fold. As a consequence, the tissue sucrose content decreased significantly. Distal to 12 mm from the ligule net rates of sucrose and water deposition both decreased in concert (Fig. 5) , such that the tissue sucrose concentration was maintained (Fig. 4) .
Local net rates of fructan deposition were closely associated with local net rates of water deposition (Fig. 6 ). For example, maximum rate of fructan accumulation occurred at the location of-most active elongation, i.e. highest net rates of water deposition. As a consequence, the tissue fructan content was maintained relatively constant throughout the region of most active elongation (Figs. 2 and 4) .
Sucrose Import and Use. In a steady state, where local growth rates, respiration rates, and concentrations of carbohydrates and other substances do not vary with time, the rate of carbohydrate use equals the rate of carbohydrate import. Assuming that carbohydrates are exclusively translocated in the form of sucrose, rate of sucrose import can be estimated from rates of sucrose use in all processes consuming sucrose, namely (a) biosynthetic processes and associated respiration; (b) WSC deposition; and (c) respiration associated with protein turnover, maintenance of cellular structures, and maintenance of gradients of ions and metabolites (maintenance respiration).
Sucrose use in (b) WSC deposition was calculated from the data in Figures 3, 5 , and 6 assuming that no respiratory costs were involved. Sucrose use in (a) biosynthetic processes and associated respiration was derived from local net rates of WSCfree DM deposition (not shown) assuming that 1.36 g of a mixed organic substrate containing 1.055 g sucrose is required for biosynthesis of 1 g leaf dry matter (1 1). In addition, local rates of sucrose use in both processes (a) and (b) were calculated from local net rates of DM deposition using 1.055 g sucrose required per g leaf DM synthesized as given by Penning de Vries (11) . Estimates of sucrose use in (a) and (b) were about 2% higher with the latter method (Fig. 7) .
Data on maintenance respiration of the leaf elongation zone were not available from this experiment. However, in previous work with tall fescue leafblades elongating at a similar rate (0.83 mm-h-'), 6.8 Al 02-mg-' structural dry weight-h-' were consumed in the total elongation zone (23). Translating this to the present data suggests that a total of 24.6 ,ug sucrose *elongation zone -I h-were respired, if it is assumed that sucrose was the only substrate and its oxidation was complete. From total respiratory sucrose use, only 24%, i.e. 5.9 ug elongation zone --h-', was estimated to be used in maintenance processes (8) . This corresponds to less than 3% of the 207.7 Mg sucrose elongation zone --h-1 used in processes (a) and (b). Data (12, 13) . From these data a mean use of 3.1 to 6.1 Mg sucrose * elongation zone -I * h-' is calculated. Thus, both approaches indicate that, at most, 3% of the sucrose imported into the elongation zone is used in maintenance respiration. As a consequence local rates of sucrose import were calculated from (a) and (b), neglecting sucrose use in maintenance respiration (c) (Fig. 7) .
Local rates of sucrose import and use in WSC deposition and WSC-free DM deposition (Fig. 7) are both positively related to local rates of growth-related water deposition (Fig. 5 ). This suggests that rapid growth of tissue occurs simultaneously with high biosynthetic activity and WSC deposition. Maximum local rate of sucrose import at 9 to 12 mm from the ligule was 29.5 mg sucrose *dm 2 * h-'.
Sucrose turnover times were obtained by relating sucrose content to local rates of sucrose import. Tissue sucrose was turning over slowly at the basal and distal parts of the elongation zone (3 h, 49 min and 1 h, 48 min at 0-3 and 15-18 mm from the ligule, respectively), but rapidly at the location of most active elongation (43 min at 9-12 mm from the ligule).
Clearly, the assumption of only one sucrose pool in tissue is an over-simplification, since sucrose is present in at least two cellular compartments, namely the cytosol and vacuole. All sucrose imported into the cell passes through the cytoplasm, but probably only part of it is also taken up into the vacuole. Thus, a shorter turnover time of cytosolic sucrose is to be expected.
In the most actively elongating region of the blade 52% of the imported sucrose was utilized in biosynthetic processes and 48% was used in WSC deposition, which was 85% fructan (Fig. 7) . Only 5% of the imported sucrose was deposited as sucrose, i.e. was used to maintain the tissue sucrose concentration. Thus, nonmetabolized sucrose appears to be quickly removed from the cytoplasm and sequestered as fructans. The mode of assimilate unloading in the elongation zone of tall fescue leaf blades is unknown but symplastic unloading in young leaves has been suggested (28). Symplastic unloading of sucrose was observed in growing primary roots of corn (3) . Symplastic 
